Blights and root rots caused by Phyiophthora spp., are one of the more difficult diseases to control in a number of crop species. Papaya (Carica papaya L.), has limited resistance to root and stem rot, caused by Phytophthora palmii.'ora. Since host resistance is often lacking, use of fungicides is the primary method used by growers to control blights and root rots. In the previous study, we reported that systemic acquired resistance (SAR) in papaya can be activated by both elicitor and chemical Benzo (1,2,3) thiadiazole_7_carbOthioic acid S-methyl ester (BTH). In order to understand the induced resistance mechanism of papaya against Phv1ophthora palmivora, we produced transgenic papaya to over-express the key regulatory gene, NPRI, in SAR pathway. Two separate transformations, using one construct containing the AINPRI and the other, an NPRI gene homolog from papaya (ppyNPRl), were carried out using biolistic delivery system. The constitutive CaMV35S promoter was used to drive the desired genes and NPTII gene as a selectable marker. Molecular analysis was carried out to detect the presence of the transgene in selected plants. Transgenic plants were challenged with Phytophtliora palmivora, to determine the change in the level of resistance against the pathogen. The result of leaf disc bioassays showed that smaller necrotic lesions developed on transgenic lines compared to wild-type plants, indicating the resistance in papaya has been improved. Our results indicate that pathogenesis-related (PR) and NPRI genes are involved in disease resistance of papaya and that induction of SAR has a potential for being used for crop protection.
INTRODUCTION
Papaya (Carica papaya L.) is one of the most important fruit crops grown in the tropics for both local consumption and for export. After the disease caused by Papaya Ringspot virus, the diseases of root rot and aerial blight caused by Phytophthora palmivora, powdery mildew caused by Oidium caricae, and fruit anthracnose caused by Collectotrichum gloeosporioia'es (Nishijima, 1994) , and leaf black spot caused by Asperisporium caricae (Nishijima. 2002) , are the major disease problems to be managed. Among these diseases, Ph ' vtophthora is particularly devastating because it becomes established in wet, rainy wather when spraying is useless because the fungicides are washed away.
Inducible defense mechanism, termed "systemic acquired resistance" (SAR), can be activated throughout the plant. SAR results in long-lasting immunity in non-infected tissues against the inducing pathogen and other pathogens, including viruses, bacteria and fungi . Several pathogenesis-related (PR) genes, such as PR-I, PR-2 and PR-4 are induced during local defense and SAR (Potter et al., 1993 Ward et al.. 1991 . Salicylic acid (SA) has been shown to be a signaling molecule involved in both local defense reactions and in the induction of SAR after inoculation with the pathogen.
Spraying with SA induces SAR Ward et al., 1991) as does benzo-( 1 ,2,3)-thiadiazole-7carbothioic acid S-methyl ester (13TI-1), which mimics SA in a number of plants, including Arabidopsis, tobacco, wheat and papaya (Gorlach et al., 1996; Lawton et al., 1996; Zhu et al., 2004b) . Transgenic tobacco and Arabidopsis thaliana plants expressing the bacterial nahG gene, encoding sQ/icy/ate kvdrogenase, an enzyme that converts SA to catechol, not only have low levels of SA, but also are unable to express SAR in response to viral, fungal or bacterial pathogens .
In papaya, BTH induces SAR, PR proteins, and increase tolerance to infection by the virulent pathogen, Phytophthora pa/mivora (Zhu et al., 2004b) . NPRI, the key regulatory element of SAR, was cloned from papaya and its predicted protein sequence contains structural domains conserved with Arabidopsis (Zhu et al., 2004b) . Upon BTH induction, NPR1 and PR-I, PR-2 and PR-3 genes are induced to 2 to 20-fold. Some, but not all, PR genes are also induced by inoculation with the virulent pathogen, Phytophthora pa/mivora. In this paper, we report that resistance in papaya can be improved by over-expressing the key regulatory gene, NPRI.
MATERIALS AND METHODS

Genetic Transformation
The biolistic gene gun was used to introduce the transgene vector into the papaya cultivar 'Kapoho'. The methods used were adapted from Fitch and co-workers (Fitch, 1993; Fitch et al., 1990) . Embryogenic calli were used as a target. Bombarded embryogenic calli were selected on media containing 100 mg ml' Geneticin (G418) (Zhu et al., 2004a) . The medium used for maintenance of tissue culture material was 4.3 g F' MS salts, 30 g U' sucrose, 0.1 g ' myo-inositol, I ml ' MS vitamin IV, pH 5.7. For U U U shoot production, 0.1 mg ' naphthaleneacetic acid (NAA) and 0.1 mg I' benzyladenine (BA) were added. To encourage rooting, 0.2 mg [1 indole-3-butyric acid (IBA) was added. Selected primary transformants were transferred to rooting media and transferred to potting soil (Sunshine #4 mix, United Agricultural Supply Company).
Genomic DNA Extraction and Southern Blot Analysis
The youngest leaves from papaya plants were excised, immediately frozen in liquid nitrogen, and stored in a -80°C freezer until they were extracted for genomic DNA. Genomic DNA was isolated by the published CTAB method (Doyle and Doyle, 1990 ).
Plants were examined by DNA blot analysis (Southern, 1975) to confirm integration of the transgene. For Southern blot analysis, aliquots (30 sg) of genomic DNA were digested overnight with EcoR I and Hind III to release a 1.2 kb fragment containing the NPRI gene that had been flanked by the two restriction sites. Digested DNA was fractionated by electrophoresis in 0.8% agarose gel followed by alkali-blotting onto Hybond N+ membranes (Amersham) according to the manufacturer's instructions. Blots were hybridized against a 1.2 kb NPRI chemitluorescent probe that was labeled with AlkYhos Direct® (Amersham) according to the manufacturer's instructions.
Quantitative RT-PCR
Total RNA was extracted from leaves of one-month-old seedlings with or without pathogen inoculation. Two ig of DNase treated total RNA was used for first strand cDNA synthesis in a 100 111 reaction using the Taqman reverse transcription reagents kit (Applied Biosystems) per manufacturer's protocol. The resulting cDNA was used as template for PCR. PCR was performed with Platinum SYBR Green qPCR Supermix UDG (Invitrogen) with 0.6 !IM each primer on a 7900HT Sequence Detection System (Applied Biosystems) or Opticon2 Continuous Fluorescence Detection System (MJ Research). Cycling profile was 50°C, 2 mm; 95°C, 10 mm; 40 cycles of 95°C, 15 s; 58°C, 20 s; 72°C, 30 5; followed by denaturation for melting curve analysis. The fluorescence threshold for determining CT was set at 0.15 for all experiments. Each PCR was replicated and normalized to actin. Primers for CpPRI and CpNPRI were as described (Zhu et al., 2004b) .
Phytophthora Culture
Phvtophthora pa/mi w)ra was isolated from infested papaya fruit and cultured in our laboratory. The pathogenesis of P. pa/mivora culture was checked by inoculating papaya leaf and re-isolating the pathogen from time to time. The zoospore suspension was prepared from two or three Petri plates of P. pa/mivora culture grown on 8% V8 juice agar at 25 °C for 7 to 8 days. Sterilized water (5-10 ml) was placed on the surface of cultures to be harvested, and a spatula was used to gently rub the agar surface to dislodge the sporangia. The suspension solutions from all plates were be pooled. An aliquot of suspension was placed in an Eppendorf tube that was shaken vigorously on a vortex mixer to induce zoospore encystment. The non-mobile spores were counted on a haemocytometer. The suspension concentration were adjusted to lx 104 to 10 6 spores ml-1 and used immediately for inoculation.
Leaf-Disk Inoculation
The youngest fully expanded mature leaves from papaya lines were harvested, washed, and dried on the paper towel. Leaf-disks (20 mm in diameter) were excised carefully with a cork borer to avoid major veins from the sampled leaves. The leaf-disks were placed immediately in Petri plates containing water agar. Twenty p.l of spore suspension (lxlO6 spores ml') were pipetted onto the center of each leaf-disk and the Petri plates were placed in a growth chamber maintained at 24°C, 12 h light, and 100% relative humidity. Water soaked spots on the leaf discs were observed after 24 hrs necrotic lesions appeared and expanded after that. Diameters of lesions on the leaf-disk were measured three days after inoculation. For each line, six disks from the three youngest fully expanded leaves were pooled as 18 leaf-disks per line for each assay.
RESULTS AND DISCUSSION
Genetic Transformation
Transformations of papaya cv. Kapoho' embryogenic calli using constructs containing either AiNPRI or CpNPR1 were carried out using gene gun bombardment. The constitutive CaM V35S promoter was used to drive expression of the NPRJ genes, and the Nos promoter was used to drive the NPTII gene that was used as a selectable marker. Transgenic lines were selected on MS media containing geneticin (G418, 100 mg L'). PCR and RT-PCR were carried out to confirm the presence and mRNA expression of both NPT II selectable marker and NPR1 transgene. Southern blot analyses showed the PCR positive plants contain multiple copies of the NPR1 transgene. A total of 20 transgenic plants were obtained through biolistic bombardment.
Disease Response to P. palmivora of Transformed Papaya
A total of nine independent transgenic lines expressing Arabidopsis NPR gene, along with non-transformed control, were selected for leaf-disk assay to assess responses to P. palmivora. Twenty sI of spore suspension (lx10 6 spores ml') were pipetted onto the center of leaf-disks cultured on MS medium in the petri plate. Plates were placed in the growth chamber maintained at 24°C with 12 h light and 100% relative humidity. Water soaked spots were observed on the non-transformed controls within 24 h; necrotic lesions appeared later and proceeded to expand. Necrotic lesions were observed on all treated leaves except those inoculated with a water-extract from culture medium without the fungus. Diameters of lesions measured three days after inoculation were significantly smaller (P<0.05) in all nine A1NPRI transformed lines than in the non-transformed controls (Table I) . On the average, the lesions of the transgenic plants were reduced about 25-30% in diameter and about 40-50% in infection area. Cotton blue dye was used to stain the lesions and hand sections were made of the leaf tissue for microscopic confirmation that the lesions were associated with P. pa/mivora infection. Mycelium of P. palirnvora were observed in every lesion. Tolerance to Phvtophthora will be further evaluated in the root-drench assay in greenhouse.
Activation of SAR in Transgenic Papaya
In plants, NPR gene regulates expression of many PR genes, such as PR-I, PR-2 and PR-5. Over-expression of NPRI would result in strong induction of PR genes by chemical inducers and pathogens. Although over-expression of Arabidopsis NP/fl in Arahidopsis, rice leads to enhance resistance, it was not known whether defense genes are activated in papaya expressing Arabidopsis and papaya NPRI genes. We carried out quantitative RT-PCR analysis to test whether defense genes are activated in the transgenic papaya over-expressing cpNPR I.
Our RT-PCR results (data not shown) indicated that papaya NPRI mRNA level is slightly elevated (--2x) in transgenic plants over-expressing CpNPRI compared with Kp, wild-type 'Kapoho' control, after P. palinivora inoculation. PR-I mRNA level is -5x higher in transgenic plants com 4 pared with the control. Both transgenic plants and control plants were treated with 2xl0 zoospores mL 1 . The qRT-PCR data demonstrated that over-expression of papaya endogenous NPRI gene led to constitutive expression of defense genes in the absence of induction by pathogen treatment and induction of defense genes in over-expression plants can be triggered much stronger by pathogen treatment.
CONCLUSION
Transgenic papaya plants expressing the ArNPRJ gene and plants over-expressing the CpNPRI gene were produced using biolistic gene gun bombardment. Southern blot was carried out to confirm transgene integration of the AINPRI gene. Presence of the selectable marker gene, NPTII, was detected by PCR and gene expression by RT-PCR in transgenic plants over-expressing CpNPRI. Bioassays with leaf discs from transgenic plants containing the AtNPRJ gene showed smaller necrotic lesions compared with 'Kapoho' wild-type plants indicating that resistance in papaya has been improved. Quantitative RT-PCR showed that NPRI expression is slightly elevated and PR-1 expression was up-regulated in P. palmivora inoculated CpNPRI transgenic plants. Our results indicated the both heterogeneous and endogenous NPR genes can trigger defense in papaya against P. palmivora. 
Tables
